The biphasic nature of germination curves of individual Bacillus cereus T spores was further characterized by assessing the effects of temperature, concentration of germinants, and some inorganic cations on microgermination. Temperature was shown to affect both phases of microgermination as well as the microlag period, whereas the concentration of L-alanine and supplementation with adenosine exerted a significant effect only on the microlag period. The germination curves of individual spores induced by inosine were also biphasic and resembled those of spores induced by L-alanine. High concentrations (0.1 M or higher) of calcium and other inorganic cations prolonged both phases of microgermination, particularly the second phase, and had a less pronounced effect on the microlag period. The second phase of microgermination was completely inhibited when spores were germinated either in the presence of 0.3 M CaC12 or at a temperature of 43 C; this inhibition was reversible. Observations on the germination of spore suspensions (kinetics of the release of dipicolinic acid and mucopeptides, loss of heat resistance, increase in stainability, decrease in turbidity and refractility) were interpreted on the basis of the biphasic nature of microgermination. Dye uptake by individual spores during germination appeared also to be a biphasic process.
Ideally, the kinetics of germination of bacterial spores should be investigated in individual spores, because germination curves obtained by use of spore suspensions represent the summation of events occurring in the individual members of that population. Although loss of refractility under a phase-contrast microscope is frequently used for following germination, the lack of reliable methods to quantitate phase-darkening has limited its use for following the germination of individual spores (17; H. Riemann, Ph.D. Thesis, Univ. of Copenhagen, Copenhagen, Denmark, 1963) .
The successful application of microscope photometry to quantitate phase-darkening has provided a new tool for exploring the kinetics of germination of individual spores (15) . Hashimoto et al. (2) recently demonstrated that microgermination of Bacillus cereus T and B. megaterium QM B1551 spores is a biphasic process, and it was suggested that each phase of microgermination is affected differently by certain environmental factors.
Although the effects of environmental factors on microlag and microgermination have been previously studied by direct phase-contrast microscopy and by employing statistical analysis (18, 19) , the development of a more precise technique for analyzing microgermination has led us to reinvestigate the kinetics of microgermination.
This communication deals with the effects of temperature, type and concentration of germinants, and some divalent cations, particularly calcium, on the kinetics of microgermination of B. cereus T spores.
Events occurring during each phase of microgermination are correlated further with data on germination obtained by use of spore suspensions.
MATERIALS AND METHODS
Spores. Spores of B. cereus strain T were produced, harvested, and stored as previously described (2) .
Heat activation and temperature effects. Spores were activated by heating at 65 C for 4 hr and were germinated in 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 8. 3) under the conditions specified.
The effect of temperature on germination of single spores was studied in an adjustable constant-temperature room (range of 16 to 33 C); similar studies on spore suspensions were carried out in the range of 10 to 45 C with the desired temperature maintained by use of a variable-temperature water bath.
Heat sensitivity. Loss of heat resistance in spore suspensions during germination was followed by removing 1-ml samples at intervals and transferring them to 9.0-ml distilled water blanks equilibrated to 1385 on November 1, 2017 by guest http://jb.asm.org/ Downloaded from 80 C. Samples were heat-challenged at 80 C for 10 min and chilled in an ice bath; then 0.1-ml amounts of appropriate dilutions were plated on Trypticase Soy Agar. After 24 hr of incubation at 30 C, the colonies were counted with a New Brunswick colony counter.
Optical density. The decrease in optical density of spore suspensions was measured at 420 nm in a Bauch & Lomb Spectronic-20 colorimeter.
Refractility and stainability. Germinating spore suspensions were stabilized by removing samples at various time intervals and transferring them to a predetermined amount of sulfuric acid to lower the pH to 2.0 (1). Duplicate smears were prepared from this mixture and quickly dried over gentle heat. To one smear, a drop of 1% crystal violet was added and mounted with a cover slip; spores were examined for stainability while wet. To a duplicate slide, a drop of sulfuric acid (0.05 M) was added, and spores were examined for loss of refractility (phase-darkening) by use of dark phase-contrast optics. Preparations examined 2 hr after the addition of sulfuric acid showed no more stainability or phase darkening than specimens prepared immediately after stabilization with acid.
Loss of spore components. Loss of dipicolinic acid (DPA) and mucopeptides during germination was followed by measuring the DPA or mucopeptides remaining in spore pellets. Appropriate volumes of germinating spore suspension were removed at various intervals and immediately transferred to sufficient sulfuric acid to lower the pH to 2.0. Sulfuric acid effectively stabilized germination with respect to DPA and loss of mucopeptides, for spore suspensions to which sulfuric acid had been added at various intervals showed no subsequent excretion of DPA or mucopeptides over a 60-min period. Spore pellets were obtained by centrifuging at 6,000 X g for 15 min at 4 C. DPA was estimated colorimetrically by the method of Janssen et al. (4) and the preparation was placed under a Zeiss Universal microscope equipped with an MPM microscope photometer. The instrument was modified in this study by using a 3.2-mm rather than a 2.0-mm photometer stop. The 3.2-mm photostop was used because we could include the entire spore in the photosensitive area, thus enabling us to measure absorbancy or refractility changes more accurately during germination. The initial contact of germinant solution with the dried spore film was taken as time zero in calculating the microlag period. Germination of individual spores was followed for up to 30 min with the use of monochromatic illumination (540 nm).
Measurement of dry uptake by single bacterial spores during germination. A cover glass smeared with a thin film of spores was mounted over a microscope slide on which a germinant solution containing 0.3 to 0.7% crystal violet had been placed; most experiments were run at a dye concentration of 0.5%. For measuring dye uptake, the phase-contrast optical system of the microscope was replaced with a brightfield objective (Planapo 100/1.30, Zeiss) and condenser for optical density measurements. An area adjacent to a selected ungerminated spore was brought into the photosensitive area, and the instrument was adjusted to give an optical density reading of zero. The spore was carefully brought into the photosensitive area, and the optical density reading caused by this interpositioning was recorded as the initial optical density. Uptake of crystal violet by individual spores during germination was recorded as a gradual increase of optical density of the spore at 590 nm.
Phase-contrast microscopy. A Zeiss Universal Microscope equipped with a 100 X objective lens (Neofluar phase 100/1.30, Zeiss) was used for routine dark phase-contrast microscopy. Photomicrographs were taken on panchromatic film (Kodak plus X).
RESULTS
Effect of temperature. Temperature appears to be by far one of the most significant factors affecting bacterial spore germination. As shown in Table 1 , both the microlag period and duration of the first and second phases of microgermination were significantly affected by temperature. It is evident that there was a wide fluctuation in microlag and microgermination times when germination occurred at low temperatures (16 C) as compared with higher temperatures (25 C or higher). Representative microgermination curves of single B. cereus T spores obtained at 16 and 30 C are shown in Fig. 1 .
At optimal temperatures (30 C), microgermination occurred rapidly and in a relatively narrow range of time, i.e., 40 to 75 sec for the first phase and 1 min 30 sec to 2 min 30 sec for the second phase. As a result of this considerable shortening of the duration of both the first and second phases of microgermination, the characteristic biphasic nature of the microgermination curve tended to be obscured. Indeed, we obtained several microgermination curves (Fig. 1C) at optimal temperatures in which the transitional portion was virtually absent, thereby resulting in sigmoid curves similar to those reported by Rodenberg et al. (15) . However, it should be emphasized that we observed such sigmoidal curves only rarely.
One interesting feature of germination at high temperatures is that the second phase of microgermination of B. cereus spores was almost completely blocked at 43 C. The core of spores germinated at this temperature remained semirefractile for an indefinite period of time ( Fig. 2a ) but became phase-dark when the temperature was lowered below 38 C. It therefore was essential to treat such spores with weak acid or aqueous HgCl2 prior to microscopic observation to prevent initiation of the second phase of microgermination. Examination of the heat resistance and DPA content of spores germinated at 43 C (Table 2 ) revealed that they were viable, they were completely heat-sensitive, and they had released practically all of their DPA. However, such spores retained a considerable portion of their glucosamine and were partially resistant to staining with basic dyes.
Effect of L-alanine concentration. Microgermination curves of B. cereus T spores were strikingly similar regardless of the concentration of L-alanine employed to induce germination. It is evident (Table 3 ) that the concentration of L-alanine within the range of 0.05 to 50 mg/ml primarily affected the microlag period and exerted little effect on microgermination of spores which were initiated within 30 min.
Effect of adenosine supplementation. Adenosine is known to have a synergistic effect on L-alanineinduced germination of bacterial spores. Its effect, however, appears to be limited to the microlag period (Table 4) , since the kinetics of microgermination of single spores induced in the presence of L-alanine and adenosine or L-alanine alone were essentially identical.
Kinetics of inosine-induced germination. Certain nucleosides, particularly inosine, have been shown to be effective germinants for B. cereus T spores (11) . Although statistical data are not presented, microgermination induced by inosine alone is similar to that induced by L-alanine or L-alanine and adenosine. Representative microgermination curves obtained at 25 and 30 C are shown in Fig. 3A and 3B. The biphasic nature of the curves is apparent at both temperatures. It thus appears that, as long as certain environmental conditions (temperature, pH, etc.) are constant, the kinetics of physiological germina- Fig. 4A and 4B. Phase-contrast microscopy of these spores revealed that the core was semirefractile (Fig. 2b) (Fig. 4B) .
Ca++ appeared also to affect the kinetics of the first phase of microgermination, as evidenced by a considerable prolongation of the duration of this phase (Fig. 4A and 4B) . Indeed, the duration of Spores germinated in the presence of 0.3 M CaCl2 appeared to have released all of their DPA and to have lost heat resistance completely, whereas only a fraction of their glucosamine content was released; loss of DPA and heat resistance thus appear to be events associated with the first phase of microgermination (Table 2) .
Strontium and barium exhibited a similar inhibitory effect on microgermination.
Events occurring during germination of spores. Figure 5 illustrates the events occurring during germination of B. cereus T spores. The curves are very similar to those reported by Levinson and Hyatt (6, 7) for B. megaterium QM B1551 spores. Kinetics of germination events observed in suspensions ofB. cereus T spores heat-activated at 65 C for 4 hr and incubated in L-alanine and adenosine at 30 C for 30 min. All of the data were normalized as described in Materials and Methods. All spores that were still partially resistant to the stain were scored as stainable.
These data indicate that the release of DPA and loss of heat resistance occurred prior to the release of glucosamine and acquisition of full stainability. Several workers have observed that resistance to heat (6, 8, 13, 20) and to chemicals (6) was lost in the early stages of germination, even before all of the DPA has been released (6, 8) .
Dye uptake by individual spores during germination. Since stainability with a basic dye is often used for determining whether a spore has germinated, uptake of crystal violet by individual B. cereus T spores during germination was followed by microscope photometry as described in Materials and Methods. In the presence of L-alanine and adenosine plus 0.5% crystal violet, spores initiated germination after a prolonged microlag period (10 to 15 min instead of 3 to 4 min). As shown in Fig. 6A and 6B, dye uptake, reflected by an increase in optical density at 590 nm, takes place also in a biphasic fashion both at 25 and 30 C. In both curves, a slight decrease in optical density (indicated by arrows) occurs prior to the rapid increase. Despite a considerable fluctuation in the rate of dye uptake at a given temperature, the curve of dye uptake by individual spores appears to be biphasic. (Fig. 2a and Table 2 ) and in a putrefactive anaerobe (17) ], strongly supports the view that DPA is released during the first phase of microgermination.
The curves of the kinetics of germination of B. cereus T spores (Fig. 5 ) and other spores (5) (6) (7) (8) indicate that the release of DPA and loss of resistance to heat and toxic chemicals occurs prior to the release of cortical materials and development of full stainability. Refractility is lost gradually throughout the course of microgermination. The view that virtually all of the DPA is released during the first phase and the bulk portion of glucosamine during the second phase of microgermination is further supported by our observation that B. cereus T spores germinated in the presence of a high concentration of calcium. Although a suboptimal temperature (<30 C) may be used in following the kinetics of germination of spore suspensions because of a more pronounced expression of the biphasic nature of microgermination, the distribution of microlag times at lower temperatures makes the choice of a lower temperature less desirable.
Our data support the conclusion of Vary and Halvorson (18) that microlag times decrease with increasing L-alanine concentration, whereas microgermination times are unaffected. Thus, it appears that the kinetics of microgermination are independent of the concentration of germinant, including supplementation with adenosine, and the extent of heat activation (2, 18) . However, whether spores germinating with microlag times longer than 30 min would exhibit kinetics of microgermination similar to those observed in the present study remains to be seen. It should be noted that only 25% of a spore population germinating in the presence of 0.05 mg of L-alanine per ml have undergone germination within 30 min.
The complete inhibition of the second phase of microgermination by Ca++ and its reversibility are further indications of the independence of the first and second phases of microgermination. Our assumption is that this inhibition by Ca+ of the second phase is due to its interference with lytic enzymes involved in the breaching of the secondary spore barrier or its interference with solubilization of cortical or core components. It is pertinent to recall that the autolysis of germinated spores of B. megaterium 9885 was prevented by fairly high concentration of Ca++ (3) and that Ca-spores of B. megaterium Texas germinated in the presence of L-alanine and inosine were reported to have a dark ring surrounding a somewhat lighter core (14) .
The kinetics of crystal violet uptake by germinating individual spores indicate that some dye uptake began during the first phase of microgermination and continued throughout the course of microgermination. It is tempting to interpret this as indicating that imbibition of water also occurs at this time, as an aqueous solution of the dye was used. However, interpretation of the kinetics of dye uptake is complicated by the concomitant loss of optical density during germination as a result of the release of spore components. Therefore, our curves of dye uptake reflect a composite of the increase in absorbance due to dye uptake and the decrease caused by loss of spore compo--nents. The only conclusion which can be drawn from our data is that dye uptake by individual germinating spores also occurs in a biphasic fashion.
On the basis of data presented in this paper and elsewhere (2), we can conclude that microgermination curves of bacterial spores are biphasic. Since germination curves of a suspension are invariably sigmoidal (9, 19) , we suggest that the sigmoidal curves are due largely to the heterogeneity in the microlag periods of individual spores in a suspension. We further conclude that the stages of the germination process (microlag, first and second phases of microgermination) have a different sensitivity to various factors affecting germination.
Further analysis of the kinetic curves of microgermination combined with ultrastructural studies should provide more useful information as to the nature of spore germination.
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